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ABSTRACT 
The subs t i t u t ion  of helium for nit rogen i n  TGA measurements y i e ld  sub- 
s t a n t i a l l y  the  same values fo r  t h e  thermal s t a b i l i t y  of poly(p-xylylidene- 
p-phenylenediamine) . This polymer shows high thermal s t a b i l i t y  i n  100% 
oxygen. 
The respect ive thennai s t a b i l i t y  values i n  ni t rogen and i n  a i r  are 
unchanged over a fourfold change i n  gas-flow r a t e  or  changes i n  heat ing 
r a t e  over the range of 5 O C  t o  30°C per minute. 
s t a b i l i t i e s  are observed when the polymer sample of 10 milligrams is evalu- 
H i g h e r  apparent thermal 
a t e d  as a s ing le  mass r a t h e r  than as a powder of approximately 500 pieces.  
Infrared spec t r a l  s tud ies  confirm the  Schiff-base charac te r  of the  
polymer and t h a t  hea t ing  to 6OOOC causes chain extension. Mass spec t r a l  
s tud ie s  of the  products derived from heat ing the  polymer t o  temperatures 
above 6OOOC show the  products of the  fragments of eliminated benzylideneani- 
l i n e  and hydrogen; the  l a t t e r  i s  t he  major product. The presence of hy- 
drogen and other  changes i n  the inf ra red  spec t ra  can be explained by the  
formation of ladder-type s t ruc tu res  i n  the  polymer. Calor imetr ic  measure- 
ment of the  Schiff-base polymer heated t o  1000°C were compared t o  similar 
measurement of pyroly t ic  graphite and the  conclusion made t h a t  graphi t iza-  
t i o n  has not  occurred i n  the  polymer. 
A comparison of the  thermograms before i r r a d i a t i o n  and a f t e r  i r r a d i a -  
t i o n  of the  Schiff  -base polymer exposed 
open t o  a i r  to a dosage of 200 megareps 
s i s t a n t  t o  i r r ad ia t ion .  
-6 
i n  e i t h e r  vacuo a t  10 t o r r  o r  
ind ica te  t h a t  they a r e  highly re- 
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I. Introduct ion.  
I n  a previous study,' values expressing the  thermal s t a b i l i t i e s  of a 
number of Schiff  base polymers were reported.  
from thermograms obtained with du Pont 950 ThermogravimGtric.Ana1yzer. 
These values w e r e  derived 
The a b i l i t y  of the thermogravimetric and thermodif f e r e n t i a l  methods of 
2 -4 ana lys i s  t o  determine the thermal proper t ies  of materials is w e l l  known. 
These ~ V G  mthods are iisiially e q f ~ y e d  as cornpibent.ary sources of data, 
and together  ind ica te  prec ise ly  t h e  temperatures a t  which degradations and 
phase changes occur. 5 
A number of our preliminary s tudies  showed t h a t  the in f l ec t ions  of the  
thermogravimetric curves, and hence, t he  da ta  derived from them, were depen- 
dent t o  some measure on a number of parameters. 
r a t e ,  environmental gas flow rate and p a r t i c l e  s i z e  were responsible f o r  some 
s h i f t s  in the thermogravimetric curves. 
Variat ions in  the  heat ing 
A review of the l i t e r a tu re6 -*  also shows no general  acceptance of stand- 
ardized condi t ions or values f o r  these parameters; indeed, i n  many cases 
a l l  parameters are not spec i f ied .  
1 It was  necessary, therefore ,  i n  the previous repor t  t o  specify these 
parameters, and, i n  order to f a c i l i t a t e  comparisons among the  various poly- 
mers, t o  adopt s p e c i f i c  values t o  be used uniformly f o r  a l l  the  samples 
examined. The conditions used were: 
1. 
2. a gas flow r a t e  of one (1) standard l i ter  per  minute; 
3. 10 mg. samples composed of p a r t i c l e s  whose s i z e s  were 
spec i f ied  by the grinding conditions ; 
4. a grinding time of f i f t e e n  seconds in a s t a i n l e s s  steel 
a heat ing rate of 15OC per minute; 
grinding capsule. 
1 
The temperatures recorded were corrected f o r  the  non- l inear i ty  of t he  chromel- 
alumel thermocouples. The thermogravimetric determinations w e r e  performed 
i n  n i t rogen  and in  a i r  t o  determine both the  "true" and "pract ical"  thermal 
s t a b i l i t i e s .  
There does not appear t o  be in the  l i t e r a t u r e  general  agreement on how 
t o  ass ign  thermal s t a b i l i t y  
curves- 
cedural  decomposition temperature" and the " in tegra l  procedural decomposition 
temperature," which give decomposition temperatures based on the  areas under 
the  thermogravimetric curves.' While these  methods give values which can be 
compared and evaluated, there  seems t o  be stma doubt as t o  the  real s i g n i f i -  
cance of the data. 
s t a b i l i t y  on comparisons among the thermogravimetric curves themselves. 
values from the thermogravimetric ana lys i s  
V e r i w s  schemes have bee= prnposed, such as the " d i f f e r e n t i a l  pro- 
Other researchers  'O'" base t h e i r  evaluat ion of thermal 
In our e a r l y  report , '  the  l a t t e r  approach w a s  taken. Data w a s  
abs t rac ted  from the curves and placed i n  tabular  form t o  f a c i l i t a t e  ana lys i s  
and comparison. Thus, t ab l e s  were assembled which summarized the  da ta  i n  
the  following categories:  per  cent weight l o s ses  a t  various temperatures; 
temperatures of s p e c i f i c  per cent  weight l o s ses ;  and temperatures of i n f l ec -  
t i o n  corresponding t o  t he  onset of decomposition or f u r t h e r  reac t ion .  
temperatures of i n f l e c t i o n  were obtained from (1) the  in t e r sec t ion  of the  
s lope  of the curve before  a negative change i n  s lope has  occurred and (2) t he  
s lope  of the  curve a t  maximum decomposition. 
The 
Since the  limits of the parameters were chosen a r b i t r a r i l y , '  it was 
considered important t o  reexamine the  parameters which were used t o  e s t a b l i s h  
the  thermal s t a b i l i t y  values assigned t o  the Schiff  base polymers, and t o  
determine what e f f e c t ,  i f  any, changes i n  the  parameters would have on the 
thermal s t a b i l i t y  values assigned. As p a r t  of these new s tud ie s ,  measurements 
2 
w e r e  t o  be made a l s o  t o  attempt t o  determine the  changes which take place i n  
a Schi f f  base polymer when it i s  heated t o  high temperatures. 
The polymer, poly (p-xylyl idene-p-phenylenediamine) , &C-@CX=N@N)n 
was  s e l ec t ed  f o r  these  s tud ie s .  
been used as the  i n e r t  environmental gas.  Since t h e  question could be r a i s e d  
as t o  whether o r  not nitrogen reacted with the polymers a t  high temperature, 
a comparison was made between nitrogen and helium i n  these  new s tud ie s .  
Also, a i r  had been used a s  the r eac t ive  gas,  and t h e  high thermal r e s i s t ance  
of t h e  polymers i n  a i r ,  suggested t h a t  100% oxygen should be cont ras ted  with 
a i r .  Further,  t he  flow r a t e  of the  gaseous atmosphere, one standard l i t e r  
per  minute, was used previously. I n  these  new s tud ie s ,  nitrogen and air  
were reevaluated over a range of flow r a t e s .  
a r ea  changes vary g r e a t l y  with p a r t i c l e  s i z e ,  it w a s  considered necessary 
t o  eva lua te  the  thermal s t a b i l i t y  of t he  polymers over a range of p a r t i c l e  
s i zes .  
In  previous TGA  measurement^,^ n i t rogen  had 
1 
1 
I n  addi t ion ,  s ince  su r face  
Since thermal treatments of polymers can produce changes i n  t h e i r  s t ruc -  
t u re s ,  s t u d i e s  were included which would give evidence of these  changes. 
Inf ra red ,  mass s p e c t r a l  and ca lor imet r ic  measurements were made t o  gain some 
i n s igh t  i n t o  these  changes. 
t a in ing  & values of the  polymer i n  n i t rogen  and i n  a i r  i n  an  attempt t o  
reso lve  the question as t o  whether o r  not t he  Schi f f  base polymers are 
"graphitized" when heated i n  an  i n e r t  atmosphere t o  high temperatures. Accord- 
ing ly ,  a comparison was  made with py ro ly t i c  graphite.  The high thermal sta- 
b i l i t y  of t he  polymers l e d  t o  s t u d i e s  t o  determine the  s t a b i l i t y  of t h e  poly- 
meric Schi f f  bases to ionizing rad ia t ion ;  t h i s  was t o  be done by comparing 
the  thermogravimetric curves before and a f t e r  exposure t o  the  r ad ia t ion .  
The ca lor imet r ic  s t u d i e s  were d i r ec t ed  t o  ob- 
3 
11. Studies Involving Changes i n  Parameters. 
A. General Experimental Procedure. 
These s tud ie s  were performed on a du Pont Thermogravimetric Analyzer i n  
conjunction with a 900 Di f f e ren t i a l  Thermal Analyzer. To f a c i l i t a t e  compa- 
r i sons  among the  various samples, sample weights of 10 mg. were used i n  most 
determinations and t h e  instrument w a s  set t o  a s e n s i t i v i t y  of 2 mg. per inch 
i n  these  determinations f o r  t h e  non-1 i n e a r i t y  of the chromel-alumel thermo- 
couple. 
The polymer, DA-42-13, fN@N=tlCeCH.) , was considered t o  be typ ica l  
of t he  conjugated and pseudoconjugated Schi f f  base polymers and was  s e l ec t ed  
n 
t o  be representa t ive  of these polymers i n  the  study of the  parameters which 
could influence the  determination of the  thermal s t a b i l i t y  values. 
1. The Nature of t h e  I n e r t  Atmosphere. 
Many of t he  determinations described i n  the  previous r epor t  
. 1 were per- 
formed i n  a n  atmosphere of dry nitrogen. The n i t rogen  used i n  these  s t u d i e s  
w a s  a high p u r i t y  lamp grade obtained from the  Cleveland Wire Division of t h e  
General E l e c t r i c  Company. This gas was presumed to be i n e r t  and thu8, the  
thermal s t a b i l i t i e s  determined i n  t h i s  gas were presumed t o  r e f l e c t  t he  "true" 
thermal s t a b i l i t y ,  t h a t  i s ,  the  thermal s t a b i l i t y  based on the  s t r eng ths  of 
t he  bonds between t h e  atoms. However, t he  question a rose  as t o  the ac tua l  
non-reac t iv i ty  of nitrogen a t  high temperatures, e spec ia l ly  i n  the  region 
above 1000°C. 
a c t i v e  enough t o  a t t a c k  the  polymer s t r u c t u r e  and thus ,  t o  cont r ibu te  e i t h e r  
to a l o s s  i n  weight by degradation or to  an increase i n  weight by addi t ion .  
It is poss ib le  tha t  a t  these  temperatures n i t rogen  may be re- 
To adequately eva lua te  the  possible e f f e c t  of ni t rogen  a t  h igh  tempera- 
t u r e s  i n  these  polymer systems, i t  w a s  necessary t o  determine t h e i r  thermal 
4 
, 
s t a b i l i t y  i n  an atmosphere which has been shown t o  be i n e r t .  
argon, being i n e r t  gases, would be expected t o  be non-reactive even a t  t h e  
high temperatures employed i n  these s tud ie s .  
DA-42-13 w a s  thermoanalyzed in  helium t o  1176OC and its thermogram compared 
with the  thermograms of the  same polymer thermoanalyzed i n  dry nitrogen. 
The composite thermogram is shown i n  Appendix No. 1. 
H e l i u m  and 
Thus, a sample of polymer 
A cmpari-snn a€ the themogrevhetric p l o t s  shw l i t t l e  d i f fe rence  e i t h e r  
i n  the  shape of the  thermogravimetric curves or i n  the r e s u l t i n g  w e i g h t  
l o s ses .  It follows thus,  t h a t  nitrogen is non-reactive towards Schi f f  base 
polymers even a t  very high temperatures i n  excess of 1000°C. Nitrogen, 
therefore ,  may be considered a n  i n e r t  sample gas and the  thermal s t a b i l i t i e s  
determined i n  t h i s  atmosphere may be considered "true" thermal s t a b i l i t i e s .  
2. The Nature of t h e  Reactive Atmosphere. 
I n  t h e  previous report , '  a study was conducted t o  determine t h e  thermal 
behavior of t he  Schiff  base polymers i n  a i r  as the a c t i v e  gas environment. 
I n  t h i s  case,  a c t i v e  environment is defined as a medium which, because of its 
chemical r e a c t i v i t y  a i d s  the  thermal degradation of t he  polymer. The thermal 
s t a b i l i t i e s  of the conjugated and pseudoconjugated polymers i n  t h i s  environ- 
ment are very high and a r e  of the order of 500-600°C. Because of t h i s  high 
s t a b i l i t y ,  i t  was  of i n t e r e s t  t o  determine the  thermal s t a b i l i t y  of Schi f f  
base polymers i n  a more a c t i v e  environment, p a r t i c u l a r l y  i n  pure oxygen. 
Accordingly, a thermogravimetric ana lys i s  w a s  made using 100% oxygen; 
thermograms were recorded i n  t h i s  gas a t  the  two d i f f e r e n t  flow rates of 
0.5 and 2.0 standard l i ters  per minute. 
composite cha r t  as Appendix No. 2.  
1 
The two thermograms are shown i n  a 
A b r i e f  ana lys i s  of these curves shows t h a t  polymer DA-42-13, 
@@N=HC@CH3n which has been condensed t o  4OO0C, r e t a i n s  most of its 
5 
thermal s t a b i l i t y  i n  oxygen as  compared with a i r .  Table 1 con t r a s t s  t he  rela- 
t i v e  thermal s t a b i l i t i e s  of polymer DA-42-13 thermoanalyzed i n  a i r  (Appen- 
d ix  No. 3) with a flow r a t e  of one (1) standard l i t e r  per minute with oxygen 
a t  0.5 standard l i t e r  p e r  minute and 2.0 standard l i ters  per  minute. 
Table 1 
Data From Thennoanalyses i n  A i r  and Oxygen 
Oxygen 
A i r  
Atmosphere Rate 
P 
~ ~~ 
2 .o 488 2 - 2  
1 .o 57 9 3 1 
The thermogravimetric p l o t s  show two i n t e r e s t i n g  f ea tu res  which r e s u l t  
from the  use of oxygen as a sample atmosphere. 
d i ca t ing  thermal degradation, is very s t e e p  suggesting t h a t  very r ap id  oxi- 
d a t i v e  decomposition is  taking place. Second, the  curves show t h a t  during 
t h e  thermoanalysis the sample temperature rises higher than the  c e l l  tem-  
pera ture ,  and thus, the  samples are burning. 
show a smooth oxidative decomposition and not a ca ta s t roph ic  and f a s t  decom- 
p o s i t i o n  of t he  polymer sample. 
F i r s t ,  t h e  negative slope in- 
Samples thermoanalyzed i n  air 
From these  s tud ie s  it follows t h a t ,  the thermal s t a b i l i t y  of black con- 
jugated Schi f f  base polymers is influenced by the  use of a very r eac t ive  
atmosphere of pure oxygen, however, t h e  thermal s t a b i l i t y  of these  polymers 
i n  t h i s  environment remains about t he  same order of magnitude a s  i n  a i r .  
3. The Flow Rate of the Gaseous Atmosphere. 
Another parameter which must be considered i n  the evaluation of thermal 
s c a b i l i t i e s  is the  gas-flow r a t e  of the  sample atmosphere. 
flow rates are used, ho t  gaseous products a r i s i n g  from the  thermal degrada- 
When slow gas- 
6 
t i o n  of the  sample remain i n  the immediate v i c i n i t y  of the polymet. 
t i o n  of these products may raise the temperature of the sample and a i d  i n  
i t s  decomposition. If f a s t e r  flow r a t e s  are used, these degradation products 
are removed as they a r e  formed and thus,  do not cont r ibu te  t o  thermal degra- 
Combus- 
da t ion. 
A sample gas flow r a t e  of one standard l i t e r  per  minute was used i n  the 
previous studies '  and was  regarded a s  adequate t o  sweep most of the  degrada- 
t i o n  products away from the main polymer sample. This gas flow rate was the  
value recommended by the du Pont Company f o r  general use i n  thermoanalysis 
i n  t h e i r  950 Thermogravimetric Analyzer. 
I n  these  new s tudies ,  gas-flow rates of 0.5  and 2.0  standard liters per 
minute were employed t o  assess  t h e  e f f e c t  of higher  and lower gas-flow rates 
on thermoanalyses of Schiff  base polymers. 
used f o r  s tud ie s  i n  two sample atmospheres, a i r  and nitrogen. 
The va r i a t ion  i n  flow rates was  
a. Variations i n  Flow Rates of Nitrogen. 
Two samples of polymer DA-42-13 were thermoanalyzed i n  ni t rogen,  one a t  
a gas-flow r a t e  of 0.5 standard l i t e r  per  minute and the o ther  a t  2.0 standard 
l i ters per minute. The composite thermograms a r e  shown i n  Appendix No. 4. 
The thermograms show l i t t l e  va r i a t ion  due t o  changes i n  gas-flow rate 
and a r e  almost i den t i ca l  i n  a l l  d e t a i l s .  It may be concluded, therefore ,  
t h a t  within the limits of t h i s  experiment, the  thermal s t a b i l i t y  i n  ni t rogen 
is not appreciably changed over a fourfold change i n  gas-flow r a t e .  
b. Variations i n  the Flaw-Rate of A i r .  
Two samples of polymer DA-42-13 were thermoanalyzed i n  a i r ,  one a t  a 
gas-flow rate of 0.5 standard l i t e r  per minute and the o ther  a t  2.0 standard 
l i ters  per minute. The thermograms are shown i n  Appendix No. 5 
Examination of these thermograms indica tes  t h a t  there  is only a very 
7 
s m a l l  e f f e c t  which r e s u l t s  from a four fo ld  va r i a t ion  i n  the  gas-flow r a t e s  
i n  a i r .  Hence, i n  these  s tud ie s  of Schiff  base polymers, the gas-flow rate 
p lays  only a very minor r o l e  i n  the t o t a l  assessment of t h e i r  thermal sta- 
b i l i t y .  
4. Variations i n  the  Heating R a t e .  
The thermal s t a b i l i t y  of polymers is based not only on t h e  extremes of 
envlrnn!Eental CnnditiQEs which it c2n %?ithatand, hut tllso q o n  the OcrPtior? 
of exposure t o  such conditions. 
va r i e ty  of hea t ing  rates i n  the  evaluation of t h e i r  polymers. Heating rates 
from 3OoC per minute t o  15OOC per minute have been used t o  determine thermal 
s t a b i l i t i e s .  
minute w a s  adopted and used throughout t h e  determinations. 
Various researchers  have adopted a wide 
I n  t h e  previous report’ a standard hea t ing  rate of 1S0C pe r  
It i s  recognized , t h a t  thermal s t a b i l i t i e s  of d i f f e r e n t  polymers de te r -  
mined a t  d i f f e r e n t  hea t ing  r a t e s  cannot be e a s i l y  compared. Thus, it was 
des i r ab le  t o  perform severa l  thermoanalyses a t  d i f f e r e n t  hea t ing  rates t o  
determine the  magnitude of e f f e c t  of t h i s  parameter on the  thermal s t a b i l i t y  
of Schi f f  base polymers. 
In  t h i s  study, t he  polymer, poly(p-xylylidine-p-phenylenediamine), 
DA-42-13, w a s  thermoanalyzed i n  nitrogen, recycled again i n  nitrogen, and 
then recycled i n  a i r .  
per minute. A composite thermogram showing both sets of da ta  a r e  shown i n  
Appendix No. 6 and a r e  p lo t t ed  close t o  one another t o  f a c i l i t a t e  comparisons. 
The thermograms c l e a r l y  show the  expected r e s u l t s .  When the  hea t ing  rate is 
slow, a s  i n  the  case where 5°C per minute was used, the  ove ra l l  thermal sta- 
b i l i t y  of t he  polymer is lower than when the  hea t ing  rate is  s i x  times 
f a s t e r ,  t h a t  is, when the  heating rate is 3OoC per minute. 
The heating rates chosen i n  t h i s  study were 5 and 3OoC 
Table 2 con t ra s t s  t he  da ta  obtained from the  thermoanalysis of polymer 
8 
P e r  Cent Weight Loss 1-t O C  Heating 1 I 
5 1 0.411.232.8 9.0i17.6/21.0/22.0 23.8128.2 29.2 6 
I Appendix Rate 
oc 30014001530] 6001 700: 800i 900~1000~1100'1176 1 Number 
The da ta  contained i n  t h i s  t ab le  shows t h a t  there  is very l i t t l e  d i f f e r -  
ence i n  the  weight l o s ses  obtained a t  t h e  two lower hea t ing  rates, 5 and 15OC 
per  minute. 
the  polymer shims lower weight losses and hence, a s l i g h t l y  higher thermal 
s t a b i l i t y .  For example, t he  r e su l t i ng  weight l o s s  a t  1176°C with a hea t ing  
rate of 3OoC pe r  minute is approximately 4% less than with hea t ing  rates of 
5 and 15OC per minute. 
However, when t h e  heating r a t e  is increased t o  3OoC per  minute, 
Table 3 summarizes the  da ta  obtained from recycling the  polymer i n  
n i t rogen  a t  hea t ing  r a t e s  of 5, 15, and 3OoC per  minute. 
Table 3 
P e r  Cent Weight Loss i n  Polymer DA-42-13 While 
Recycling i n  Nitrogen a t  Various Heating Rates 
r 
Appendix 1 Heatingker Cent Weight Loss a t  OCI 
1 Rate NO. - I 
5 1 l . O ] l . l i  1.2 1 3.2 1 6.0 I 6 - 2 
3 0 7 6 ( O . 6 /  0.6 1 0.8 1 1.2 1 6 - 2'  I 
It is  apparent t h a t  the  g rea t e s t  weight losses occur on recycling in 
ni t rogen  when the  slowest heatiogArate i s  used. The weight loss i n  t h i s  
9 
case (Sac per minute) is f i v e  times g rea t e r  (6%) than when the  f a s t e s t  hea t ing  
rate (30°C per  minute) (1.2%) i s  used. It is  a l s o  i n t e r e s t i n g  t o  note t h a t ,  
I 
5 570 
15 580 
i 
the  major por t ion  of t h i s  weight loss a t  the  slowest hea t ing  r a t e  occurs 
6 - 3  
3 - 3  
wi th in  t h e  last  two hundred degress, and t h a t ,  up t o  1000°C the  curves f o r  
t 30 
both hea t ing  rates are e s s e n t i a l l y  i d e n t i c a l .  
588 I 6 - 3 '  
The g r e a t e s t  e f f e c t  of a va r i a t ion  i n  the  hea t ing  r a t e  on the  thermal 
case,  the polymer would be subjected t o  chemical a t t a c k  f o r  longer periods 
of time a t  the  lower hea t ing  r a t e s ,  and thus,  should show higher weight l o s ses  
f o r  the  same temperature than a t  higher hea t ing  rates. Such a r e s u l t  is ob- 
served i n  polymer DA-42-13 i n  a i r  a f t e r  f i r s t  recyc l ing  i n  nitrogen. The 
da ta  obtained from curve 3 and 3' of thermogram shown i n  Appendix No. 6 is 
summarized i n  Table 4. 
Table 4 
~~ ~ 
The thermograms and the data contained i n  t h i s  t a b l e  show t h a t  ox ida t ive  
Also degradation occurs e a r l i e r  i n  those samples using slower hea t ing  r a t e s .  
t h e  curves obtained a t  slower heating rates show steeper slopes during the  
degradation ind ica t ing  t h a t  the  r a t e  of decomposition may be higher i n  these  
cases. 
Variations i n  hea t ing  r a t e  thus, have been shown t o  produce some s h i f t s  
i n  the  thermal s t a b i l i t y  of Schiff base polymers. The magnitude of t he  
10 
di f fe rence  i n  thermal s t a b i l i t i e s ,  however, i s  not  large,  thus the  values set 
f o r t h  i n  the previous repor t  represent a r e a l i s t i c  evaluation of the thermal 
s t&il i t ies  of these polymers. 
5. Variat ions i n  P a r t i c l e  Size of Sample. 
Thermal s t a b i l i t i e s  a r e  of ten reported i n  the  l i t e r a t u r e  without r e f e r -  
ence to the p a r t i c l e  s ize  of the samples examined by thermal ana lys i s .  That 
p a r t i c l e  s i z e  is a parameter i n  the consideration of thermal stabilities 
appears reasonable since many degradative processes are p a r t i a l l y  dependent 
on the  amount of surface area.  For example, d i f fus ion  of degradative products 
generated within a pwdered sample i s  very much m o r e  rap id  than i n  a bulk sam- 
ple .  Accordingly, powdered samples would be expected t o  show greater w e i g h t  
losses i n  i n e r t  atmospheres than bulk samples. I n  ac t ive  atmospheres, t he  
chemical a t t a c k  of t he  a c t i v e  agent i s  g rea t ly  dependent on surface area. 
Since powdered samples, possess very l a r g e  sur face  areas when compared t o  bulk 
samples, they would be expected t o  exh ib i t  lower thermal s t a b i l i t i e s .  
To evaluate  p a r t i c l e  s i z e  a s  a parameter, a study was conducted using 10 
mg. samples of polymer DA-42-13 which had been reduced t o  widely d i f f e r i n g  
p a r t i c l e  s izes .  A series of thermograms with d i f f e r e n t  samples having the  
following number of p a r t i c l e s  per  10 mg. 
a - 1 piece 
b - 4 pieces  
c - 22 pieces  
d - 500 pieces  
were performed i n  a i r  and i n  nitrogen. These thermograms a r e  shown a s  a 
composite i n  Appendix No. 7.  
The thermograms show a progressive increase i n  weight l o s s  as the p a r t i c l e  
s i z e  becomes smaller.  I n  nitrogen, the bulk sample shows l i t t l e  o r  no weight 
l o s s  up t o  600°C, t h i s  i s  contrasted with about 5OOOC f o r  the sample contain- 
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ing 500 pieces.  
thermoanalyzed i n  a i r .  I n  a i r ,  thermodegradation, i n  the bulk sample, begins 
a t  about 6OOOC while the sample containing 500 pieces  starts t o  decompose a t  
about 500°C. This data  ind ica tes  t h a t  there  is a marked dependency between 
p a r t i c l e  s i z e  and thermostabi l i ty .  Accordingly, p a r t i c l e  s i z e  must be speci-  
f i e d  i n  any determination of thermal s t a b i l i t y  and must be known before com- 
parisons can be drawn between the thermal s t a b i l i t i e s  of various polymers. 
A similar 100°C difference occurs when the  samples a r e  
It was f o r  t h i s  reason t h a t  the thermoanalyses were p e r f o m d l  i n  ehe pre- 
vious research using a spec i f i ed  sample preparat ion procedure; bulk samples, 
t o  be used f o r  ana lys i s ,  were ground f o r  f i f t e e n  seconds i n  a s t a i n l e s s  steel 
grinding capsule, to insure  approximately 500 pa r t i c l e s / lO  mg. 
111. Evidence f o r  Changes i n  Polymers as a Resul t  of Heating. 
To determine changes i n  s t ruc ture ,  v e r i f i c a t i o n  of the  o r ig ina l  s t r u c t u r e  
is required.  Based on prototype and on unambiguous syntheses,  the s t r u c t u r e  
of the  polymer obtained by Schiff  base exchanges is unquestionably t h a t  of 
a poly Schiff  base. However, a t  t h i s  time, it is des i rab le  t o  obtain more 
concrete evidence f o r  their s t ruc tures .  This would serve another purpose 
of t h i s  inves t iga t ion ,  namely, t o  determine, a t  least  i n  p a r t ,  the  e f f e c t  
of very high temperatures on the Schiff  base s t ruc tu re .  
Three d i f f e r e n t  methods were used i n  these inves t iga t ions  of polymer 
s t ruc tu re ;  in f ra red  spectroscopy: mass spectrometry; and d i f f e r e n t i a l  thermal 
calorimetry.  
A. In f ra red  Spectral  Studies.  
Inf ra red  absorbtion spectroscopy was  used i n  attempts t o  e luc ida te  the  
s t r u c t u r e  of the  Schiff  base exchange polymers. Prominent bands were assigned 
spec t r a l  regions by the study of model compounds and of yellow low molecular 
weight polymers. The spec t ra  were obtained from the potassium bromide d i s c s  
12 
using a Ferkin-Elmer 421 Grating Spectrophotometer 
dix Nos. 8-14. The black, high molecular weight polymers, poly(p-xylylidene- 
p-phenylenediamine) (DA-42-13), and poly(p-xylylidene-m-phenylenediamine) 
(DA-42-14), were taken to be representative of the conjugated and pseudocon- 
jugated polymers in general, and their spectra were studied. These spectra, 
shown in Appendix Nos. 15 and 16, proved to be rather simple and the bands 
and are found in Appen- 
=f --I - ver;. m c h  brcadexed, as is generally &served 2:: the spectra y v I + e r S .  
Two regions of the infrared spectrum were found useful in these deter- 
minations; the region from 1500 cm-' to 1600 cm" and the portion of the 
"fingerprint region'' from 1500 cm to 600 cm . The carbon-nitrogen double 
bond stretching absorption is usually placed at about 1630 cm 
azomethine compounds.12 
zylidineaniline, shifting to 1614 cm" in p-xylylidinedianil, 1615 cm 
N,N'-bisbenzylidine-p-phenylenediamine, and 1612 cm" in the yellow solution 
polymer, poly(p-xylylidine-p-phenylenediamine) (DA-29-94). The corresponding 
high molecular weight black para polymer showed a broad absorption at 1597 
cm 
-1 -1 
-1 in various 
This bond was f&nd to absorb at 1628 cm" in ben- 
in 
-1 assigned to the carbon-nitrogen double bond. 
In the meta monomer, N,N'-bisbenzylidine-m-phenylenediamine, the carbon- 
-1 nitrogen double bond absorption occurs at 1623 cm 
the yellow solution polymer poly(p-xylylidine-m-phenylenediamine) (DA-29-276) 
to 1620 em-l and finally to 1595 cm'l in the black meta melt polymer (DA-42-14). 
In the fingerprint region, the para black melt polymer (DA-42-12) shows 
, shifting slightly in 
two bands corresponding to 1,4 para benzene substitution at 1006 cm-l (small) 
and 812 cm". Monosubstituted benzene absorption, attributed to end groups 
and incorporated benzylidineanil ine occurs at 755 cm" and 690 cm" . The 
black melt meta polymer shows similar bands for 1,4 para benzene substitution 
at 1006 cm" (small) and 825 cm" with bands attributed to monosubstitution 
13 
benzene absorption a t  750 cm" and 695 cm". 
f i n g e r p r i n t  region of the melt Schiff base polymers corresponded c lose ly  t o  
those observed i n  the  spec t ra  of the 1,4 polyphenyls13 and the  polys t i lbenes .  
The bands observed i n  the  
1 4  
Thermogravimetric ana lys i s  s tud ies  demonstrated t h a t  black, conjugated 
and pseudoconjugated Schiff  base polymers possess high thermal s t a b i l i t i e s .  
I n  order to  a s c e r t a i n  the  e f f e c t s  of high temperatures on polymer s t r u c t u r e  
and t o  gain in s igh t s  into any changes in ctzxcture  &ich ~ i g b t   CUP, the 
i n f r a red  spec t r a  of the black conjugated polymer poly(p-xylylidine-p-phenyl- 
enediamine) were examined a f t e r  heating a t  various temperatures. 
cedure involved hea t ing  polymer samples i n  the  950 Thermogravimetric Analyzer 
i n  nitrogen, a t  a hea t ing  rate of f i f t e e n  degrees pe r  minute, and a gasbf€ow 
rate of one (1) standard l i t e r  per minute. The i n f r a r e d  spec t ra  of samples 
heated t o  600, 700, 800, and 1000°C were taken using the potassium bromide 
d i s c s  technique. The spec t r a  obtained a f t e r  hea t ing  t o  6OOOC and 7OOOC a r e  
shown i n  Appendix Nos. 17 and 18. Examination of these  spec t ra  i n  con t r a s t  
with the spectrum obtained from t h e  o r ig ina l  polymer polymerized t o  4OOOC 
showed t h a t  the  bonds generally broadened and decreased i n  i n t e n s i t y  as the  
temperature was increased. After hea t ing  t o  8OO0C, t he  peaks a r e  ind is -  
t inguishable  from background noise. The polymer shows no s h i f t  i n  the  posi-  
t i o n  of t he  carbon-nitrogen double bond absorption up to  700°C. Subs tan t ia l  
d i f fe rences ,  however, occur i n  the f inge rp r in t  region of t he  spectrum. As 
t he  polymer was heated from 400-7OO0C, the  bands a t  690 cm-' and 1006 cm-l  
decreased i n  in t ens i ty ,  while t h e  band a t  750 cm" increased i n  i n t e n s i t y .  
The band a t  815 cm" remains about the  same i n t e n s i t y ,  and a new peak appears 
a t  875 cm" i n  the  spec t ra  taken a f t e r  hea t ing  t o  6OOOC and 700°C. 
This pro- 
From the  changes i n  in t ens i ty  of c e r t a i n  bands i n  the  spec t r a ,  and from 
the  loss and the  appearance of other bands, it appears t h a t  some s t r u c t u r a l  
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changes i n  addi t ion  t o  fu r the r  chain-end condensation occur as t he  polymer is 
heated t o  higher temperatures. The decrease i n  the  690 cm” band assigned 
t o  mono benzene s u b s t i t u t i o n  may be in t e rp re t ed  a s  the  l o s s  end groups due 
t o  continuing chain coupling i n  the s o l i d  s t a t e  and t o  the  l o s s  of incorpo- 
r a t e d  benzylidineaniline.  
mono-benzene s u b s t i t u t i o n  increases.  This band has been assigned t o  sources 
o the r  than mono-benzene subs t i t u t ion .  Bands i n  t h i s  region have d s n  beer? 
observed for s u b s t i t u t e d  benzanthrenes and o ther  polynuclear compounds having 
1,2,4 benzene subs t i t u t ion ,  and for  aromatic compounds having or tho  1 , 2  
benzene subs t i t u t ion .  The band assigned t o  para-1,4-benzene s u b s t i t u t i o n  
a t  815 cm The new band appearing a t  875 cm 
is a l s o  assigned t o  1,2,4-benzene s u b s t i t u t i o n  or  t o  1,2,3,4-benzene s u b s t i -  
t u t i o n  and is generally ascr ibed  t o  polynuclear type compounds. 
-1 
The band a t  750 cm which had been assigned t o  
15 
-1 -1 remains e s s e n t i a l l y  constant. 
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It follows from these  s tud ie s ,  t h a t  t h e  black melt Schiff  polymers under- 
go f u r t h e r  condensation and chain propagation a t  high temperatures and t h a t  
these  polymers r e t a i n  t h e i r  Schiff base s t r u c t u r e  as wr i t t en ,  fo r  example, 
&@N=flC-@H;)n , up to about 600°C beyond which o ther  processes begin t o  
occur. Since spec t r a  whish a r e  unin te rpre tab le  are obtained a f t e r  hea t ing  
t o  8OOOC o r  higher,  it i s  probable t h a t  not only has the  molecular weight 
increased but  t h a t  some o ther  processes have a l s o  occurred and t h a t  t h e  
Schi f f  base s t r u c t u r e  has  been somewhat a l t e r ed .  
B. Mass Spect ra l  Analyses. 
Since the  in f r a red  spec t ra  of t he  polymers heated t o  temperatures of 
about 8OOOC ind ica ted  t h a t  changes i n  the  s t r u c t u r e  of t he  black m e l t  polymer, 
f N c N = H C @ X a n  - (DA-42-13), might be occurring, it was des i r ab le  t o  obta in  
more information about t he  f a t e  of t he  polymers during hea t ing  a t  these  high 
temperatures. I d e n t i f i c a t i o n  of the products of a reac t ion  o f t en  gives in -  
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s i g h t  i n t o  the reac t ion  i tself .  Thus, it was decided t o  perfortti a qua l i -  
t a t i v e  mass spec t ra l  study on the product gases formed during heat ing a t  high 
temperatures. 
i 
The procedure consis ted of degassing two samples of the black polymer, 
I 
-6 
poly (p-xylyl idine-p-phenylenediamine) (DA-42-13), t o  10  t o r r .  and then I 
heat ing  one a t  600°C and the  other a t  7OOOC f o r  one hour. 
the  tube6 were connected d i r e c t l y  to the ms_c s p e c t r m e t e r  for analys is .  
After  heat ing,  
Both spec t ra  were iden t i ca l  and thus only the spectrum obtained a f t e r  hea t ing  
a t  600°C is  shown i n  Appendix No. 19. 
Analysis of these spectra shows t h a t  the gas produced by t h i s  post-  
hea t ing  is a mixture of products. 
major gaseous products of the react ion.  
gases,  together  with major peaks loca ted  a t  M / e  78, 92, and 93, correspond 
It was, however, possible  t o  iden t i fy  the  
The fragmentation p a t t e r n  of the 
17 c lose ly  t o  reference spec t ra  f o r  benzene, toluene, and a n i l i n e  respect ively.  I 
These products may r e s u l t  from end group fragmentation i n  the polymers o r  
from fragmentation of by-product benzyl id ineani l ine  during pyrolysis .  I n  
addi t ion ,  a small amount of a yellow o i l ,  which co l lec ted  i n  the cooler  por- 
t i ons  of the ignition-mass spec t ra l  tubes,  was examined and determined by 
in f r a red  spectroscopy t o  be primarily benzyl idineani l ine.  
I 
Benzylidine- 
a n i l i n e  i t s e l f  is not v o l a t i l e  enough t o  be observed i n  the mass spectrum. 
The presence of hydrogen i n  the  spectrum i s  indicated by a peak a t  We 
2. Since the  in t ens i ty  of the peaks i n  a mass spectrum corresponds to the 
relative molar concentrations of the  substances present ,  hydrogen is the  m o s t  
abundant product present.  
The presence of hydrogen i n  the  mass spectrum l e d  t o  a considerat ion of 
the processes which can occur i n  the Schiff  base polymer which can give rise 
t o  t h i s  gas. Schiff  base polymers may cross l ink  a t  high temperature with 
1 6  
t he  el iminat ion of hydrogen t o  give network polymers, as f o r  example: 
A t  high temperatures, chain ends may couple with the  el iminat ion of hydrogen 
and the  formation of a diphenyl group thus increasing the  molecular weight, 
for example: 
The a b i l i t y  of aromatic Schiff  base compounds to undergo intermolecular 
18 cyc l i za t ion  by photolysis  has been shown by Badger and h i s  coworkers. 
Pyll’ i n  1927, demonstrated t h a t  the cyc l iza t ion  of benzyl idineani l ine 
can take place a t  80OOC i n  an iron tube i n  the following manner: 
I f  a similar reac t ion  a l s o  occurs i n  Schiff  base polymers, a ladder  polymer 
w i l l  be formed composed of polynuclear s e p e r s  a s  i n  equation 4 
As the  temperature is increased, grea te r  port ions of the  polymer can 
condense t o  a ladder-type structure with the overa l l  r e su l t ’  t h a t  t h i s  polymer 
would become more thermally s tab le .  
intermolecular rearrangement during the vacuum pyrolysis  of aromatic poly- 
pyromil l e t  imides. 
Bruck” has  observed th i s  type of 
Further  evidence i n  support of intermolecular cyc l iza t ion  is given by 
-1 -1 the  bands appearing a t  875 cm and 750 cm i n  the  inf ra red  which appears 
a f t e r  postheating and a r e  generally a t t r i b u t e d  t o  highly subs t i t u t ed  poly- 
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nuclear-type compounds. 
C.  Calorimetric Studies.  
1. C e l l  Constant. 
Calor imetr ic  s tud ie s  w e r e  car r ied  out i n  a du Pont Calorimeter C e l l  i n  
conjunction with a du Font 900 Dif fe ren t ia l  Thermal Analyzer. The cell  w a s  
ca l ib ra t ed  from the  l c n m  hea t s  of fusion f o r  indium, t i n ,  z inc,  and aluminum. 
Platinum l i n e r s  were used, and the procedure out l ined i n  the du Pont Manual 
f o r  the Calorimetry C e l l  w a s  followed. The ca l ib ra t ion  coe f f i c i en t s  were 
ca lcu la ted  from the  following equation: 
where 
E = the  ca l ib ra t ion  coe f f i c i en t  i n  m c a l / ' C  min. 
0 = the  hea t  of fusion of the  metal i n  mcal/mg. 
m = the  sample mass i n  mg. 
a = the  heat ing r a t e  i n  OC/min. 
A = the  peak area  i n  square inches 
ATs = the  Y a x i s  s e n s i t i v i t y  i n  OC/in. 
Ts = the  X a x i s  s e n s i t i v i t y  i n  OC/in. 
The peak areas were obtained by using a polar  planimeter. The ca lcu la ted  
values fo r  E were p lo t t ed  against  t he  t r a n s i t i o n  temperatures t o  give the 
c a l i b r a t i o n  curve. The experimental curve was very s i m i l a r  t o  the sample 
curve i l l u s t r a t e d  i n  the  calorimetry Manual. S i l v e r  caps were used i n  the  
cell  f o r  temperatures above 35OOC t o  reduce hea t  loss by rad ia t ion .  
2 .  Behavior of Polymer DA-42-13. 
Poly(p-xylylidene-p-phenylenediamine) (DA-42-13) was used as a repre- 
s en ta t ive  polymer f o r  the calor imetr ic  s tud ies .  Platinum l i b e r s  and s i l v e r  
caps were used i n  the runs, and the heat ing rate w a s  15'C/min. 
s e n s i t i v i t y  was l.O°C/inc. Three tests were made on each sample, the  f i r s t  
The Y a x i s  
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two i n  n i t rogen  and the  t h i r d  i n  a i r ;  a l l  a t  one s taadard  l i ter  p e r  minute. 
The conditions w e r e  t he  same, therefore,  a s  those used i n  the thermogravi- 
metric s tud ie s ,  on the same polymer. The calorimetry measurements cover the  
temperature range of ambient t o  7OOOC. 
a. I n  Nitrogen. 
The black polymer (DA-42-13) (no postheating),  ground 15 seconds, was 
used. The f i r s t  test i n  nitrogen (Appendix No. 20, curve 1) shms I- tde- 
t i v e l y  small and very broad exotherm between 150 and 520OC. 
be a composite of two peaks, the  f i r s t  beginning a t  150°C and the  second a t  
about 250°C. The second test (Appendix No. 20, curve 2) shows an even 
smaller exotherm between 370 and 560OC. 
This appears t o  
b. I n  A i r .  
The t h i r d  test, i n  a i r  (Appendix No. 20, curve 3) shows a very l a r g e  and 
broad exotherm from 330 t o  700OC. 
thermogravimetric data (TGA) obtained on the  same polymer under the  same 
conditions.  Four fea tures ,  i n  pa r t i cu la r ,  should be noted: 
These r e s u l t s  compare favorably w i t h  t h e  
1) t h e  exotherm i n  the  nitrogen atmosphere is much smaller 
than t h a t  i n  t h e  a i r  atmosphere; 
2) t h e  exotherms are a l l  very broad, suggesting a 
r e l a t i v e l y  slow degradative process r a t h e r  than  a 
phase change; 
3) t h e  peak of the  exothenns i n  the  calorimetry curves 
correspond q u i t e  w e l l  t o  the  i n i t i a l  weight l o s s e s  
under the  same conditions i n  the  thermogravimetric curves; 
4) t he  exotherms i n  the  calorimetry curves begin a t  t e m -  
pera tures  somewhat 1 ower than the  temperatures which show 
s i g n i f i c a n t  weight l o s s  for t he  same polymer i n  the  
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thermogravimetric curves. 
The t h i r d  and fourth features  a re  expec ia l ly  evident i n  the t h i r d  test  
performed i n  an a i r  atmosphere. The t h i r d  f ea tu re  may possibly be due t o  an 
a b l a t i v e  e f f e c t .  If t he  decomposition products a r e  gases, i t  is  expected 
t h a t  they would car ry  away a subs tan t ia l  amount of heat  when they escape from 
the  system. 
ca l cu la t ion  of an accurate  &I very d i f f i c u l t .  
f u r t h e r  i n  the  a i r  atmosphere run by the  f a c t  t h a t  the curve does not re turn  
t o  the base l i n e  by 7OO0C, which is  the  maximum temperature f o r  the c a l o r i -  
meter cell .  However, h e a t s  of react ion were ca lcu la ted  from the  curves f o r  
comparative purposes, and are reported i n  Table 5 .  The area  of the  curve f o r  
the  a i r  atmosphere test w a s  obtained by doubling the a rea  of the f i r s t  h a l f  
of the  curve. The l i m i t a t i o n s  and problems involved should be kept i n  mind 
when evaluat ing the  r e l a t i v e  heats  of reac t ion .  
f o r  weight l o s ses .  
order  of magnitude f o r  the lower l i m i t  of t he  hea ts  of reac t ion  i n  each case. 
The very l a rge  value of & f o r  the air-atmosphere test should espec ia l ly  
be noted. 
This poss ib le  ab la t ive  e f f e c t  and the l o s s  of material make t h e  
The ca lcu la t ion  is complicated 
No correc t ions  were made 
The calculated values probably represent  the  co r rec t  
3. Behavior of Polymer Postheated t o  1000°C. 
A sample of the  same polymer which had been postheated t o  1000°C 
(DA-42-13), H-1000) was run.  i n  the calor imeter  c e l l  under ni t rogen and a i r  
(Appendix No. Z l ) ,  a t  a flow r a t e  of one standard l i t e r  per minute and a 
hea t ing  r a t e  of 15°C p e r  minure. Again, a very 
broad and r e l a t i v e l y  small exotherm is  evident i n  the  ni t rogen run, and a 
broad and very l a r g e  exotherm i s  evident i n  the a i r  run. The peak tempera- 
t u re s  and hea t s  of r eac t ion  a re  recorded in  Table 5 .  The peak temperatures 
are approximately 25°C higher for t h i s  sample than f o r  the  untreated poly- 
m e r .  Otherwise, the  curves a r e  very s imi l a r .  
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Table 5 
I of I n i t i a l  metry Peak 1 Sample i Heat of , Atmos- I phere Weight Loss , Temp. 
f Weight, I Reaction 
I 
I 1 "C OC I mg. j cal. /g.  
1 DA-42-13 N2 : ' 
N2 i 
I I I 1 170- 180 
4.5 I 75- 85 
i 2700-3000 
t 400 420 500 
500 550 
i 
I 
--- 
I a i r  1 
I 
, 
--- ! I 1 400- 450 ! i r ~- IDA-42-13-HlOOO ! N2 t 
I150~/min .  1 a i r  i --- i 575 ' ! 4900-5500 
Pyro ly t ic  
Graphite 
15 "C /min . I a i r  1 
i ! I I I I ! I 
1 1 4.7 : 520- 550 650 1 680 I f 
f 
1700 -2000 ' (est* 4900-5500 1 1.4) 1 I 400 1 2.7 i 525 41 0 
DA-42-13 I 5 OC/min. i 3000-3500 1 1 ' 400 f 3.2 i 535 ! a i r  420 i I 
1 i 1 I -1 I I I f 
I n  order t o  study the  e f f e c t  of hea t ing  rate on the  curve, a sample 
of DA-42-13 was  run a t  5'C/min. in  a i r  (Appendix No. 22). The r e s u l t i n g  
curve appears to be a composite of two exotherms, the  f i r s t  with a maximum 
around 400"C, and the  second w i t h  a maximum a t  535°C. The ca lcu la ted  hea t  
of r eac t ion  i n  Table 5, is f o r  the complete curve. I n  t h i s  case, the  curve 
r e t u r n s  t o  a base l i n e  by 700°C. 
Another observation should be mentioned i n  connection with t h i s  test. 
The i n i t i a l  weight of sample was  3.2 mg. The amount of sample remaining 
a f t e r  t h e  run t o  700°C was 2.1 mg. Under the  same conditions of hea t ing  
rate and a i r  flow, the  thermogravimetric curve (Appendix No. 3) shows t h a t  
t he  polymer is  completely decomposed by 700OC. 
ca re  must be taken i n  comparing the thermogravimetric r e s u l t s  with the  calo- 
r i m e t r i c  r e s u l t s .  The d i f fe rence  is probably due t o  the f a c t  t h a t ,  i n  the  
Th i s  discrepancy shows t h a t  
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calor imeter  cel l ,  the sample is placed i n  a platinum l i n e r  ins ide  a small 
cup which is then covered by a cap. In addi t ion,  a cover is placed over 
the  cell compartment. A s  a resul t ,  the a i r  flow over the sample is un- 
doubtedly much less i n  the calorimeter c e l l  than i n  the  thermogravimetric 
boat, where the  a i r  flows d i r e c t l y  over t he  sample. 
4. Behavior of Pyrolyt ic  Graphite. 
A sample of pyro ly t ic  graphite was run i n  the  calorimeter under n i t r o -  
gen and a i r  up t o  7OOOC (Appendix No. 23) fo r  comparison with the  polymer 
DA-42-13. 
run. 
around 4OOOC and reaching a maximum a t  680°C. The hea t  of reac t ion  is  re- 
ported i n  Table 5. The area of the curve was obtained by doubling the area  
of the  f i r s t  h a l f .  It should be noted t h a t  t he  heat  of reac t ion  obtained 
for the  graphi te  i n  a i r  is much less than t h a t  obtained f o r  the  polymer, 
DA-42-13, and t h a t  the m a x i m u m  i n  the graphi te  curve is over 100°C higher  
than t h a t  i n  the polymer curve. 
There is  no evidence of an exotherm or endotherm i n  the  nitrogen 
The run i n  a i r  shows a broad and r e l a t i v e l y  weak exotherm beginning 
a. DA-29-94 - Yellow Polymer. 
A calor imetr ic  test  w a s  made on a sample of the yellow polymer, DA-29-94 
(Appendix No. 24) for comparison with the black polymer. The test w a s  made 
i n  an a i r  atmosphere and a t  5OC/min. 
f i r s t  with a maximum a t  4OO0C, and the  second with a maximum a t  525OC. It 
should be noted t h a t  the  black polymer sample (DA-42-13) under the  same con- 
d i t i o n s  gave a very s imi la r  calor imetr ic  curve, except t h a t  the 4OOOC peak 
was  much weaker. Calculated heats  of react ion fo r  the  two exotherms a r e  
recorded i n  Table 5 .  The areas  of t he  curves w e r e  obtained by doubling the  
area of the f i r s t  ha l f  of the f i r s t  peak and the las t  h a l f  of the  second 
peak, respect ively.  The thermogravimetric curve f o r  the same polymer under 
The curve shows two exotherms, the  
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t h e  same conditions of a i r  flow and hea t ing  r a t e  showed a l a r g e  weight l o s s  
between 410 and 425°C which probably corresponds t o  the  f i r s t  exotherm of 
the  calorimetry curve. 
it was assumed t h a t  approximately 50% of the  i n i t i a l  weight of sample had 
been l o s t ,  and therefore  1.4 mg. was used a s  the  mass of t he  polymer i n  the  
second ca lcu la t ion .  
For the  ca l cu la t ion  of & from the second exotherm, 
Even though t h e  ca lcu la ted  heats of r eac t ion  i n  t h i s  study can be con- 
s ide red  t o  r e f l e c t  only the  r e l a t i v e  order of magnitude of the t r u e  hea t s  
of reac t ion ,  i t  seems evident tha t  much more information can be obtained 
from the  ca lor imet r ic  s tud ie s  than from simple d i f f e r e n t i a l  thermal ana lys i s .  
The evidence, however, ind ica tes  t h a t ,  when the  Schi f f  base polymers are 
heated t o  1000°C, they have not  been converted t o  g r a p h i t i c  polymers. 
IV. S t a b i l i t y  of Schi f f  Base Polymers t o  Ionizing Radiation. 
When a polymer is subjected t o  ion iz ing  r ad ia t ion ,  e i t h e r  a c ross -  
l inked  o r  degraded polymer is  obtained. 21-26 The amount of c ross l ink ing  
and degradation which occurs i n  a polymer has been shown t o  be dependent 
on a number f ac to r s :  
1) 
2) the  e f f e c t  of oxygen; 
3) the  pro tec t ion  of a r y l  groups; 
4) 
5 )  the  molecular weight. 
the  monomer and polymer s t r u c t u r e s ;  
t he  l inkages  present i n  the  polymer; 
Hence, the  requirements f o r  r ad ia t ion  s t a b i l i t y  p a r a l l e l s  those f o r  
thermal s t a b i l i t y ,  and polymers which have been shown t o  possess thermal 
s t a b i l i t y  a r e  a l s o  generally r ad ia t ion  r e s i s t a n t .  For example, the therm- 
a l l y  s t a b l e  polyimidazopyrrolones possess good r a d i a t i o n  s t a b i l i t y  as w e l l  
as thermal ~ t a b i l i t y . ~ ’  Polymers possessing aromatic s t r u c t u r e s  in the  
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I -  
I -  
backbone appear t o  be espec ia l ly  r e s i s t a n t  t o  rad ia t ion .  
shown t h a t  a l i p h a t i c  sa tura ted  polyesters  possess poorer rad ia t ion  r e s i s t -  
ance than polyesters  containing aromat ic  moieties such as polyethylenetere- 
phthalate.28 The e f f e c t  of these aromatic moieties is  t o  a c t  a s  energy 
s inks  which are ab le  t o  delocal ize  e i t h e r  thermal or  r a d i o l y t i c  energies  
and hence, t o  p ro tec t  the polymer s t r u c t u r e  from gross  degradation. 
Thus, it  has been 
px% these ccns iderat i~ns ,  the high ~olecu?zi;r =eight, ceiijugated Schiff  
base polymers prepared i n  this research a r e  a l s o  expected t o  possess very 
high r ad ia t ion  res i s tance .  A Schiff  base polymer which would be expected 
t o  possess high r ad ia t ion  res i s tance  is the completely conjugated polymer, 
poly (p-xylyl idene-phenylenediamine) , fNoN=€iC@CH%. This polymer has 
been shown t o  possess very high thermal s t a b i l i t y  of the order of 1176OC i n  
ni t rogen and 600°C i n  a i r .  Due t o  the  nature  of i ts  conjugation, t h i s  poly- 
m e r  would be expected s imi l a r ly  t o  d i s s i p a t e  and de loca l ize  r a d i o l y t i c  
energies .  
Thus it was decided t o  evaluate the r ad ia t ion  r e s i s t ance  of the Schiff  
base polymers by comparing the thermal s t a b i l i t y  of the  polymers before and 
a f t e r  i r r ad ia t ion .  The polymer DA-42-13, poly(p-xylylidine-p-phenylene- 
diamine), as prepared a t  4OOOC and also postheated t o  6OOOC was taken t o  be 
representa t ive  of Schiff  base polymers i n  general and was invest igated i n  
t h i s  study. 
This study was  divided i n t o  three  par t s :  
1) polymers i r r ad ia t ed  i n  vacuo; 
2) polymers i r r ad ia t ed  a f t e r  s ea l ing  i n  a i r ;  
3) polymers exposed to  a i r  during i r r ad ia t ion .  
The polymer samples were i r r ad ia t ed  by exposure t o  the Cobalt source a t  
the  NASA-Langley Research Center, Hampton, Virginia  a t  a dose rate of 1.2 
24 
megareps per hour a t  an ambient temperature of 47OC. 
The general procedure consisted i n  i r r a d i a t i n g  polymer samples with a 
dosage of 200 megarads and then subjecting them t o  thermogravimetric analy- 
sis i n  n i t rogen  and i n  a i r  and comparing the  r e s u l t i n g  thermograms with those 
of non-irradiated samples a l r eady  repor ted  i n  t h e  previous repor t .  
perimental parameters f o r  these  analyses were those used i n  the  earlier 
1 
The ex- 
s t u d i e s  ,' the  following: 
1) a flow r a t e  of one (1) standard l i t e r  per  minute; 
2) a heating r a t e  of 15°C per minute; 
3) a grinding time for non-powder samples of f i f t e e n  
seconds i n  a s t a i n l e s s  steel grinding capsule. 
A. Polymers I r r a d i a t e d  a t  Reduced Pressure. 
The powdered samples (500 pieces/lO mg.) were degassed a t  t o r r .  
f o r  one hour p r i o r  t o  i r r ad ia t ion .  The thermograms obtained i n  n i t rogen  
and i n  a i r  f o r  polymer DA-42-13 condensed t o  400°C and f o r  t he  same polymer, 
DA-42-13-H600 postheated t o  6OOOC are shown i n  Appendix Nos, 25 and 26. 
Comparisons of these thermograms with the  corresponding thermograms of 
non-irradiated samples shows no de tec tab le  d i f fe rence  i n  thermal s t a b i l i -  
t ies of polymers before and a f t e r  i r r a d i a t i o n .  The pressure i n  t h e  sample 
v i a l s ,  a f t e r  i r r a d i a t i o n ,  was st i l l  very low,  i nd ica t ing  t h a t  no appreciable 
amounts of gas were generated during the  i r r a d i a t i o n  process. 
B. Polymers I r r a d i a t e d  After Sealing i n  an A i r  Atmosphere. 
That oxygen cont r ibu tes  t o  the ove ra l l  e f f e c t  of r ad ia t ion  damage is 
w e l l  known. It w a s ,  therefore ,  decided t o  determine the  e f f e c t  of t h i s  
parameter on the  r ad ia t ion  s t a b i l i t y  of polymers i r r a d i a t e d  i n  t h i s  atmos- 
phere. 
Specimens f o r  i r r a d i a t i o n  were prepared by sea l ing  40 mg. of powdered 
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polymer i n  a g l a s s  tube containing about 5 cc. of a i r  a t  atmospheric pressure.  
Four thermograms (Appendix Nos. 27 and 28) were recorded of polymers 
DA-42-13 and DA-43-13-H600 in nitrogen and i n  a i r ,  
thermograms with those obtained from previous non-irradiated samples shows 
no de tec tab le  diminution of t he  thermal s t a b i l i t y  due t o  i r r a d i a t i o n .  
A comparison of these  
C. Polymers I r r a d i a t e d  While Exposed t o  A i r  During; I r r ad ia t ion .  
Since the re  may be a d i f fe rence  between samples sea led  i n  a i r  and sam- 
p l e s  l e f t  open t o  a i r  during i r r a d i a t i o n ,  i t  was decided t o  inves t iga t e  t h i s  
parameter. The samples i n  t h i s  study were placed i n  screw cap v i a l s  open 
during i r r a d i a t i o n .  The thermograms of these  polymers a r e  shown i n  Appen- 
d ix  Nos. 29 and 30. I n  these cases, as i n  the  o thers ,  l i t t l e  o r  no d i f f e r -  
ence can be d is t inguished  i n  t h e  thermograms before and a f t e r  i r r a d i a t i o n .  
These i r r a d i a t i o n  s tud ie s  confirm the  p r i o r  assumption t h a t  Schi f f  base 
polymers possessing a high degree of thermal s t a b i l i t y  would a l s o  possess 
high r a d i a t i o n  s t a b i l i t i e s .  
V. Suamary and Conclusions. 
1. The thermal s t a b i l i t y  of polp(p-xylyl idene-p-phenylenediamine) is 
the same i n  n i t rogen  and i n  helium. 
2. Poly(p-xylylidene-p-phenylenediamine) prepared a t  4OOOC shows a 
s t a b i l i t y  i n  100% oxygen of about 450°C. 
3. The thermal s t a b i l i t y  values of poly(p-xylylidene-p-phenylene- 
diamine) i n  a n i t rogen  atmosphere are unchanged over a four fo ld  
change i n  gas-flow r a t e .  
4) The thermal s t a b i l i t y  values of poly(p-xylylidene-p-phenylene- 
diamine) i n  an a i r  atmosphere a r e  unchanged over a fourfold 
change i n  gas-flow r a t e .  
5 .  Only minor changes i n  the hea t  s t a b i l i t y  values of poly(p- 
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xylylidene-p-phenylenediamine) are found i n  ni t rogen o r  i n  air  
with changes i n  the heating r a t e s  i n  the range of 5 O C  t o  30°C 
per minute. 
6) The thermal s t a b i l i t y  of poly(p-xylylidene-p-phenylenediamine) 
appears t o  be higher  i n  nitrogen and i n  a i r  when a s o l i d  mass 
r a t h e r  than a powdered sample is  used. 
7) me themd stability vdues of the Schiff-base polymers given 
i n  a p r i o r  report '  were determined on powdered samples containing 
approximately 500 pieces  p e r  10 mg. . represent  the ''true" 
and "pract ical"  s t a b i l i t i e s .  I n  massive form, these values would 
be appreciably higher.  
8 )  Inf ra red  analyses confirm the Schiff  base charac te r  of the poly- 
mers. Spectral  regions were assigned t o  prominent bonds. 
9) Changes i n  the inf ra red  spectra  become evident  when the  polymer 
is heated t o  temperatures of about 600°C as a r e s u l t  of exten- 
s ion  due t o  chain-end coupling, and el iminat ion of benzalani l ine 
while r e t a in ing  t h e i r  Schiff-base s t ruc tu re .  
changes occur a f t e r  heating t o  700°C o r  higher.  
Other s t r u c t u r a l  
lO;-.Mass spec t r a l  analyses ind ica te  t h a t  hydrogen is the  most abun- 
dant product when the polymer is heated t o  7OOOC o r  higher.  
Products from the fragments of benzylideneaniline a r e  a l s o  present.  
The inf ra red  spec t ra  give evidence t h a t  some ladder-type s t ruc -  
t u re s  may have formed i n  the  polymer due t o  hea t ing  a t  high 
temperatures. 
11. A comparative calor imetr ic  study of the  Schiff-base polymers and 
pyro ly t ic  graphi te  ind ica te  t h a t  the  Schiff-base polymer is not 
"graphitt ized" when heated t o  1000°C i n  ni t rogen.  
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12. The thermogravhet r ic  analysis data give no evidence of changes 
i n  the  Schi f f  polymers when subjected t o  200 megareps of cobal t  
60 i r r a d i a t i o n  e i t h e r  i n  vacuo or  with the  samples continuously 
exposed t o  a i r .  
V I .  Future Studies.  
1. I n i t i a t e  s t u d i e s  on t he  direct  synthes is  of polymers i n  a one- 
s t age  melt-process from an i l ine ,  benzaldehyde and the  following 
p a i r s  of aromatic diamines and dialdehydes: 
1) p-phthaldehyde and p-phenylenediamine ; 
2) p-phthaldehyde and m-phenylenediamine; 
3) m-phthaldehyde and m-phenylenediamine; 
4) m-phthaldehyde and p-phenylenediamine; 
which are expected t o  y ie ld  respec t ive ly  
a) t h e  para-para- 
b) t he  para -me t a  - 
c) the  rneta-meta- 
d) t he  meta-para- 
xyl y 1 i d  ine pheny 1 ene d iamine polymers . 
2. Evaluate and compare t h e  polymers obtained by t h e  above d i r e c t  
m e l t  process with those prepared by the  Schi f f  base exchange 
method . 
3. Determine the  ex ten t  of polymerization a t  which t h e  f u s i b l e  
polymers should be i so la ted  fo r  post-conversion t o  the infu- 
s i b l e  state: 
a) Evaluate use of Lewis  ac ids  i n  t h e  conversion s t ep .  
4. Attempt t o  ciecermine moiecuiar weight oi the polymers %y re- 
ac t ing  the  polymers with various q u a n t i t i e s  of benza lan i l ine  
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t o  reduce the  molecular weights t o  poin ts  where c o l l i g a t i v e  
proper t ies  can be measured. 
and computer programming t o  attempt t o  solve t h i s  problem. 
Then apply s t a t i s t i c a l  ana lys i s  
5.  Undertake appropriate  physical s tud ie s  involving the following 
s o l i d  s t a t e  proper t ies  of s e l ec t ed  polymers t o  co r re l a t e  these 
proper t ies  by 
a) semi-conductor measurements a s  a funct ion of temperature 
and conformance t o  Ohm's law, 
b) EPR measurements a s  a function of temperature and relation- 
sh ip  t o  the number of "free" e lec t rons  t o  conductivity,  
c)  hea t  capacity measurements as a function of temperature 
f o r  co r re l a t ion  to  conductivity and EPR. 
6 .  Attempt t o  determine molecular weight of polymers by end-group 
ana lys i s  using perf luoro compounds such as F5H6CHO and FsC6NH2 
as end groups i n  the bis-Schiff  bases, F~C~CH=N-C~H~N=HC-C#C,, 
and F$6N=HC-C6H4-CH=N-CgHg from which the polymers a r e  prepared. 
7. Establ i sh  methods fo r  the determination of the k i n e t i c s  of 
the bis-Schiff  base exchange polymerization reac t ion .  
an unambiguous method for  t h i s  study has  not  been establ ished.  
8 .  I n i t i a t e  study t o  evaluate the photoconductivity of the polymers 
a s  a function of 
a )  wavelength of the incident l i g h t ,  
b) temperature. 
To date ,  
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